The present study demonstrates the comparison of erosion rate of critical pipeline parts, namely elbow and T-junction which face the maximum erosion in a pipeline and may cause an early damage and failure of the system. CFD (computational fluid dynamics) with an Eulerian-Lagrangian approach coupled with an approved erosion model is applied to visualize the 3-D flow behavior of slurry flow in both parts and to predict the erosion rate and the location of erosion at the internal surfaces. The analysis of slurry erosion is performed in five steps; geometry and grid generation, grid study/refinement, fluid flow solution, solid particles tracking and finally, the erosion calculation. In previous publications in literature considering transportation of gas-solid flows in pipe parts, the application of T-junctions instead of elbows for specified conditions in order to reduce the erosion is recommended. In this article, it is approved that for liquid-solid flows, the Stokes number is reasonably smaller than the values for gas-solid flows. This causes the solid particles tightly couple to the fluid phase and to travel more closely with the fluid streamlines. The effects of important influencing parameters such as feed flow velocity, solid concentration, particle size and shape are investigated in detail in current work. It was found that for liquid-solid flows, the erosion of T-junction for all of the mentioned influencing parameters, due to its geometrical specifications and Stokes number variation in comparison with gas-solid flows, is reasonably higher than erosion of elbow. Due to these findings, in contrary to the gas-solid mixture flows, application of T-junction instead of elbow for liquid-solid flow transportation is not recommended.
Introduction
 Hydro-erosion occurs in practice in two ways; one is the erosion by a cavitating liquid and another is the erosion by solid particles entrained in liquid flow known as slurry flow [1] . In the flows of liquid-solid mixtures (two-phase flows), the material removal from the equipment components is mainly caused by the solid particles and the material loss caused by corrosion is relatively minor. Some of application examples are in processing technology such as stirrers in flotation cells for the wet metal processing or pumps for water treatment, mining and smelting industry, pipes in materials handling with hydraulic contaminant of grained solids (sand, coal, emery, ore, fly ash) and turbines and control devices in hydropower engineering, especially with high water amount or exposed to flooding. The solid concentration for example in the hydraulic coal production reaches values up to approximately 65 weight %. However, the solid particle concentration in industrially used pumps is significantly lower. The solid contents for well water with 0.3 ppm, oil wells with 6 ppm to 600 ppm (peak values 3,000 ppm) and for glacier water with 500 ppm (peak values 2,500 ppm) are given in Ref. [2] . Material removal due to solid particle erosion can also be desirable such as in abrasive jet micromachining in which a jet of small particles is used to form each component for use in micro-electromechanical systems and microfluidic components. In the most of practical applications, a large number of irregular particles are present in the abrasive jet. However, the study of the impact of single particles with a known geometry is nevertheless very useful to understand the fundamental mechanisms of material removal and to determine the rebound kinematics of particles and collision effects on the erosion process [3] .
The material removal is determined by the laws of fluid mechanics and properties of the liquid-solid mixture and the target material properties. The flow properties are dependent of the component geometry, surface topography and flow rate. Moreover, the physical properties of the two-phase mixture are affected by the solid particle concentration, size distribution, type, shape, density, hardness and particle settling velocity. Various conditions in the flow fields lead to different solid motions. In pipes, the solid phase concentration will increase with decreasing flow velocity over the pipe cross-section due to increasing the influence of gravity, which set a continuous transition from quasi-homogeneous state to the phase separation with the standstill of the solid particles. For a safe and economic flow transport, in order to take off any solid particles at rest, a turbulent flow with a minimum velocity in long distance pipelines from 1.5 m/s to 2.2 m/s [4] and from 0.5 m/s up to 5 m/s [5] should be provided. This means that the flow rate must be matched to the settling velocity of the solid particles.
For flow redirections in pipelines, elbows and T-junctions are applied as common geometries as depicted in Figs. 1a and 1b, respectively. Both elbows and T-junctions are susceptible to erosion when abrasive solid particles are present in the flow. As depicted in Fig. 2 , the solid particles due to their higher density are exposed to a stronger centrifugal force than the surrounding liquid and thereby are moving down along a curved path to the outer wall. Compared to a straight pipe flow, in a bend or elbow due to the decomposition occurrence, a relatively small surface element of the wall is faced more severe to the solid particles, resulting in formation of wear in the form of a wear hollow which eventually leads to the breakthrough of the wall. In this article, it was found that the wear hollow is nearer to the bend outlet in the case of liquid-solid flow. Particularly in danger are the bends with a ratio of curvature to pipe radius between 4 and 7 which the erosion rates become reasonably greater [6] . The angle of curvature γ, as defined in Fig. 2 is another important factor for bend erosion. With increase in angle of curvature γ, the wear increases steadily and reaches the highest value at 90°. In the locations where application of a long radius elbow due to the space considerations is limited, T-shaped junctions are preferred to use rather than standard elbows.
Elbows and T-junctions have been studied experimentally and numerically by different researchers [7] [8] [9] [10] [11] . CFD as a modern tool is also applied for erosion predictions in elbows and T-junctions [12] [13] [14] [15] . However, the experimental study and simulation of these parts facing the liquid-solid flows are very limited in literature. Chen et al. [16] investigated numerically and experimentally the comparison of erosion rates between T-junctions and elbows for dilute gas-solid flow. Bourgoyne [8] did the same comparison study but for gas-solid flow with high volumetric solid concentration. Bourgoyne results showed a big difference from the observations of Chen et al. [16] due to the high solid particle concentration.
In the present study, a CFD tool coupled with an erosion model is applied to investigate and compare the relative erosion rates (hydroabrasion) of a T-junction and elbow for a water-sand mixture flow and comparing with the air-sand mixture flow. The applied erosion model for the current simulations is chosen by numerically calculate the erosion rate of the material under defined conditions with more than four various erosion models from literature. Afterwards, an erosion model which is in better agreement with our wear depth experimental measurements and also the experimental results of Wang et al. [17] was applied for further calculations in the present study.
Achievement of two main goals is followed in this article. First, determination of the averaged amount of wear over the surfaces of both geometries and the second goal is to determine the location and value of maximum wear occurred, which would be an important key to predict the applicable life time of each geometry. The erosion rates of elbow and T-junction for a specified target material (aluminum alloy 3.1645.51-Al Cu Mg PbF38) and eroding particle material (sand particles) are predicted upon important influencing parameters such as flow velocity, sand concentration, particle size and particle shape. The aluminum 3.1645 is one of the aluminum alloys which are widely used in laboratory facilities constructions and thereby the evaluation of its erosion behavior is of a great importance.
The erosion process in these geometries are governed by three major mechanisms namely particle inertia force, drag force of the fluid and force of the secondary flows. For fluids like water which have a higher viscosity and higher density compared to air, particles are more controlled through the forces exerted by the surrounding fluid so that the drag force plays the major role, whereas for air, particles inertia is the dominant mechanism. In calculation of erosion rates, the difficulty arises in predicting the proper values of particle velocity and particle impact angle, whose values are dependent of fluid viscosity and density, particle diameter and density, apparatus geometry and its effects on flow shape. Moreover, the amount of solid particles hitting the target surface is influenced by the solid concentration and flow conditions and thereby it may not be identical with the total amount of solid particles in the flow [9] . Consideration of the mentioned factors is performed by using CFD analysis and particle tracking method.
Geometry and Mesh Generation
Three dimensional geometry and mesh of an elbow and T-junction with the inlet and outlet are shown in Figs. 3 and 4 , respectively. The grid refinement is performed to find a stable numerical grid with an acceptable computational effort and as high as possible accurate simulation results. For this purpose, first of all, the geometry is meshed relatively fine using the O-grid technique for the circular cross sections of the geometry as depicted in Figs. 5 and 6, representing the mesh before and after the O-grid refinement, respectively. The mesh has been further optimized and refined in three steps. To maintain the relative grid elements length ratios and smooth transitions between the boundaries of the blocks, the number of nodes of each edge is increased 1.2 times in each refinement step, presented in Table 1 with the maximum mesh length ratio for each step. The y + near wall theory is also considered to reach a suitable element size in the vicinity of the walls. The maximum erosion rate E max serves as a criterion for the mesh refinement control. This is presented together with its percentage deviation compared to each previous grid in Table 2 . According to Chen et al. [13] , a deviation (δ) of the maximum erosion value of less than 20% for erosion calculations is sufficient. For this work in order to achieve a higher accuracy, a deviation of about 15% as authoritative is considered. Accordingly, as it is presented in Tables 1 and 2 , the final mesh for the elbow part is selected as the third refinement step and for the T-junction as the second refinement step.
Multiphase Modeling Approach
A multiphase flow containing solid particles may be modeled using either the particle transport model namely Eulerian-Lagrangian approach or the Eulerian-Eulerian multiphase approach. In Eulerian-Eulerian multiphase, a momentum equation needs to be solved for each representative size which becomes very costly. The Eulerian-Lagrangian approach is applied in the present study since it is more flexible when there are multiple particle classes present in the fluid information individual p pipelines are mm as it i measuremen (Retsch Tec Pepple [19] dilute, turbu demonstrate of 0.5 mm da in the range enhance the The relative R
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The degree t ntrolled and ti using the Sto o of the part g to a chara ws and T-junc  is the dynamic viscosity of the carrier fluid. For values of Stokes number less than 0.25, the effect of particle-wall interactions on the particle flow is almost negligible while the solid particles are tightly coupled to the fluid through viscous drag force. On the other hand, for large values of Stokes number bigger than 2.0, such as for low density gas-solid particles mixtures, the particulate flow is highly inertial and would be dominated by particle-wall interactions in a confined geometry [23] .
Computational Modeling
The commercial computational fluid dynamics code ANSYS-CFX (14.5) is applied to calculate the flow velocity field, solid particles trajectory and resulting erosion rate of the pipe walls of the elbow and T-junction. CFX code is a finite volume algorithm based on a structured mesh that accepts a body fitted coordinate system and provides a multi block facility [17] . The steady state incompressible flow field was solved using 3-D structured mesh. The Menter Baseline two-equation turbulence model (BSL) is applied to represent the turbulent properties of the flow since it is better suited for the near wall modeling effects. The establishment of the turbulence model is realized by solving the Reynolds averaged Navier Stokes equations under suitable boundary and initial conditions.
Boundary Conditions
There are three regions surrounding the computational domain: inlet, walls and the outlet boundary. Velocity and volume fraction of both liquid and solid phases are introduced at the inlet section of the pipe geometry. For more accuracy, a fully developed velocity profile defined by Eq. (5) is set at the inlet:
where, max v is the pipe centerline velocity, max R is the pipe radius and r is the distance from the pipe centerline. n is defined in regard to Reynolds number from n = 6 for Reynolds number of around 4,000 to n = 7 for a Reynolds number of around 110,000. The solid concentration is defined as 
where, C p is the efflux concentration in the slurry pipeline [24] and can be computed using the following equation:
For the pipe wall, no slip boundary condition with wall roughness of 1.5 µm according to the material properties of aluminum given in Ref. [25] is used. The parallel and tangential restitution coefficients of sand particles in contact to the hard metals and in the velocity range of 5-20 m/s are selected from the work of Gorham [26] and assumed to be 0.96 for both coefficients. Constant atmospheric pressure is set as the static pressure for the outlet sections. To study the effects of sand concentration, fluid velocity, solid particle size and particle shape on flow behavior and erosion rate of both geometries, three variables are kept constant in every simulation while the forth variable is varied.
Application of an Erosion Model
The selection of an appropriate erosion model which better fits to the experimental results was performed by calculating the erosion (material weight loss) of a square shaped 44 W carbon steel specimen in continuous contact to a vertical water-sand jet for some various operating conditions with four different erosion models from compared w Wang et al experimenta influencing p carbon steel particle-wate impacting a experimenta applied for o (Fig. 9a) of t order to com in Fig. 9b . A the ductility penetration surface with value, the e values aroun decreases ag decreased fu is defined a eroded surfa applying the well with o aluminum al versus solid application Huang and G the erosion Fig. 9 (a 
CFD Simulation and Particle Tracking
It is observed that for water-sand flow in the elbow, due to the big drag forces exerted on the particles by water flow, the particles follow closely the fluid streamlines (Fig. 11 ). This causes a shift in location of maximum erosion nearer to exit part of the elbow compared to the erosion location caused by air-sand mixture flow. In T-junctions, more particles deviate from the flow streamlines (Fig. 12) and contact the joint corner of the T-junction resulting a greater erosion rate. Simulations with various influencing parameters predict that the erosion rates of T-junction are relatively greater than elbows for all the predicted conditions in the current study.
As demonstrated by Chen et al. [16] , the erosion rates of elbows and T-junctions by air-sand flow are comparable with each other since the effect of drag force is smaller and thereby for some specific operating conditions, application of T-junctions are more economical than the elbows. Our CFD simulation results of the elbow and T-junction for the air-sand particles flow is compared to the experimental results of Chen et al. [16] and depicted in Fig. 13 . The CFD results match qualitatively well with experimental data. However, the simulation results are averaged over the whole geometry of the elbow and T-junction but the 
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The effec rate and m T-junction a is the reference sand particle size and used to make the solid particle size term dimensionless form and  is a constant to be determined.
Solid Particle Shape Effects
The effects of solid particle shape on the average erosion rate and maximum erosion rate of elbow and T-junction are given in Figs. 21a and 21b , respectively. As it is depicted in these figures, the erosion rate can be expressed by a linear curve in the logarithmic scale as follows: (20) where,  is a constant to be determined, s f is the dimensionless average shape factor of the sand particles which needs no reference value to make it dimensionless. The shape factor of 0 represents a disc shaped particle and 1 a spherical shaped particle. Five different shape factors varying from 0.2 to 1 were examined by keeping the impact velocity as 5 m/s, the sand concentration as 3 vol.-% and sand stream particle size as 250 micrometer.
Conclusions
The average erosion rate and maximum erosion rate due to the liquid-solid mixture flow impacting the walls of an elbow and T-junction parts of a pipeline is calculated with CFD tool coupled with an erosion model. The wear depth and erosion of a square shaped specimen eroded by a vertical water-sand jet tester for some various influencing parameters were modeled and compared with our wear depth experiments and also the experimental erosion results of Wang et al. [17] . Accordingly, the modified Grant-Tabakoff erosion model is selected for the erosion predictions of T-junction and elbow parts since it fits better with the experimental results. The BSL turbulence model is applied to represent the turbulent properties of the flow since it is better suited for the near wall modeling effects. Comparison of the maximum erosion location in elbow with experimental results published in literature such as Blanchard [7] shows a qualitatively good agreement. The effects of important erosion influencing parameters such as feed flow velocity, sand concentration, particle size and particle shape on erosion rate of elbow and T-junction parts are investigated in detail and presented. It is approved that for gas-solid flows, in some operational conditions the T-junctions are more wear resistant than elbows. Our CFD simulation results of the elbow and T-junction for the air-sand flow is compared to the experimental results of Chen et al. [16] . The results match qualitatively well together approving the fact that application of T-junction instead of elbow in such cases could be more economical. Moreover, it is shown in details that the erosion rate of T-junction due to liquid-solid flow is relatively greater than elbow for all the simulated operating conditions. Thereby, the application of T-junction instead of elbow in the case of liquid-solid flows is not recommended. Due to the lack of experimental results for the liquid-solid flows in pipeline parts such as elbows and T-junctions, further experimental investigations applying an industrially slurry pump are in progress by the authors to validate the further CFD simulation results.
